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[1] The Arabia-Eurasia collision deforms an area of $3,000,000 km 2 of continental crust, making it one of the largest regions of convergent deformation on Earth. There are now estimates for the active slip rates, total convergence and timing of collision-related deformation of regions from western Turkey to eastern Iran. This paper shows that extrapolating the present day slip rates of many active fault systems for $3 -7 million years accounts for their total displacement. This result means that the present kinematics of the Arabia-Eurasia collision are unlikely be the same as at its start, which was probably in the early Miocene (16-23 Ma) or earlier.
In some, but not all, active fault systems, short-term ($10 year) and long-term ($5 million year) average deformation rates are consistent. There is little active thickening across the Turkish-Iranian plateau and, possibly, the interior of the Greater Caucasus. These are two areas where present shortening rates would need more than 7 million years to account for the total crustal thickening, and where there are structural and/ or stratigraphic data for pre-late Miocene deformation. We suggest that once thick crust (up to 60 km) built up in the Turkish-Iranian plateau and the Greater Caucasus, convergence took place more easily by crustal shortening in less elevated regions, such as the Zagros Simple Folded Zone, the South Caspian region and foothills of the Greater Caucasus, or in other ways, such as westward transport of Turkey between the North and East Anatolian faults. The time and duration of this changeover are not known for certain and are likely be diachronous, although deformation started or intensified in many of the currently active fault systems at $5 ± 2 Ma.
Introduction and Tectonic Setting
[2] This paper summarizes active slip rates, total strain and the timing of collision-related deformation from western Turkey to eastern Iran, based on GPS data, seismicity, and geologic data for total fault displacements and the timing of the onset of deformation. It shows that if present day slip rates are extrapolated for 3-7 million years they account for the total shortening or strike-slip offset on many active fault systems of the Arabia-Eurasia collision zone. We examine the implications of this result, given that initial collision took place as long ago as the early Miocene ($16 -23 Ma) [Robertson, 2000] , in particular how plate convergence might have occurred in different regions over this time. This is relevant to the long-term evolution of continental collisions in general. It is also relevant to the idea that the Arabia-Eurasia collision underwent a reorganization at about 5 Ma, previously suggested for this time because of the initiation or acceleration of strain in fold and fault systems, rapid exhumation of mountain belts and rapid subsidence in adjacent basins [Wells, 1969; Westaway, 1994; Axen et al., 2001] . We examine possible explanations for this reorganization, which include: opening of the Red Sea; buoyant Arabian plate lithosphere ''choking'' the subduction zone; buoyancy forces arising from thickened crust making it easier to shorten adjacent areas or transport crust laterally out of the collision zone.
[3] In the rest of the paper each part of the Arabia-Eurasia collision is described separately, moving roughly northward from the Arabian side of the collision into Eurasia. For each area we summarize the active slip rates, finite deformation and timing of initial deformation (Table 1 ). In the rest of this section we summarize current knowledge about these parameters for the collision zone as a whole.
[4] The present margins of the collision zone are well defined, picked out by cutoffs in topography and seismicity [Jackson and McKenzie, 1988] (Figures 1 and 2 ). Abrupt topographic fronts at the Persian Gulf and along the northern side of the Greater Caucasus and the Kopet Dagh define the southern and northern margins of major active deformation. The eastern boundary is formed by a series of north-south right-lateral faults in eastern Iran, which allow central Iran to move northward with respect to Afghanistan TECTONICS, VOL. 23, TC2008, doi:10.1029 /2003TC001530, 2004 Copyright 2004 by the American Geophysical Union. 0278-7407/04/2003TC001530$12.00 ( Figure 2 ). In the west, rapid extension in the Aegean occurs above the Hellenic subduction zone. Shortening and crustal thickening within the collision zone has produced mountain belts, principally the Greater Caucasus, Zagros, Alborz, Kopet Dagh and the Turkish-Iranian plateau (Figures 1  and 2 ). Strike-slip faulting is also prominent. The portion of Turkey between the North and East Anatolian faults is transported westward as these bounding faults slip with right-and left-lateral motion respectively [McKenzie, 1972] .
[5] Active deformation rates in the Arabia-Eurasia collision zone are becoming better constrained through a combination of plate circuit and GPS studies [DeMets et al., 1990 [DeMets et al., , 1994 Reilinger et al., 1997; McClusky et al., 2000; Sella et al., 2002; Tatar et al., 2002] . A recent GPS-based global plate motion model [Sella et al., 2002] gives lower estimates of the Arabia-Eurasia convergence rate than earlier, non-GPS models [DeMets et al., 1990 [DeMets et al., , 1994 , typically by $12 mm yr À1 . The GPS-derived velocity for the northern margin of the Arabian plate is 18 ± 2 mm yr À1 relative to Eurasia at longitude 48°E [McClusky et al., 2000] . The convergence rate increases eastward because the Arabia-Eurasia Euler pole lies in the Mediterranean region, and is roughly 10 mm yr À1 higher in eastern Iran than in the west (Figure 1 ).
[6] Estimates for the age of the initial collision between Arabia and Eurasia vary markedly, from $65 Ma [Berberian and King, 1981] , using the end of ophiolite obduction, to $5 Ma [Philip et al., 1989] , taking the onset of coarse clastic sedimentation around parts of the Greater Caucasus. Neither of these approaches provides a date for the first time continental crust came into contact from the converging plates. Deformation and syn-tectonic sedimentation took place on the northern side of the Arabian plate in the early Miocene ($16-23 Ma) [Robertson, 2000] , related to the overthrusting of allochthonous nappes originating on the Eurasian side of Neo-Tethys. Other studies in the same region put the initial collision-related deformation as Oligocene [Ylmaz, 1993] , or middle Eocene ($40 Ma) [Hempton, 1987] . Therefore 16-23 Ma is likely to be the minimum age range for initial plate collision. Suturing may have been diachronous from the Arabian promontory in the north, southeast along the Zagros [Stoneley, 1981] . Since initial collision along the Bitlis-Zagros suture, the Arabian plate has moved $300-500 km northward with respect to Figure 1 . Topography, structure, current deformation rates and finite strain of the Arabia-Eurasia collision. Numbers in italics are present shortening or slip rate in mm yr 
Zagros
[7] The Arabian plate passive margin is deformed southwest of the Zagros Suture, forming the Zagros mountains (Figures 1 and 4) . The Zagros mark the present southern side to the broad collision zone, and the region's seismicity shows that it absorbs an important part of the overall convergence. The High Zagros lies between the original suture and the High Zagros Fault. This region is the most exhumed part of the Zagros, and in the northwest contains highly imbricated Arabian margin strata. Folds become more open to the southeast, indicating that the structure (and finite shortening?) of the High Zagros is not the same along strike [National Iranian Oil Company, 1975 , 1977a . Southwest of the High Zagros Fault, the Arabian margin strata are less imbricated at exposed levels, less exhumed, and form the classic whaleback anticlines of the Simple Folded Zone [Falcon, 1974] .
[8] North-south convergence across the northwest Zagros is achieved through a combination of northeast-southwest shortening and right-lateral strike-slip faulting on the Main Recent Fault [Talebian and Jackson, 2002] , which lies approximately along the suture trace (Figures 1 and 4) . There are no other major, northwest-southeast, seismically active strike-slip faults within this part of the Simple Fold Zone that could help partition the overall convergence in this way. Further southeast, there is a zone of north-south trending right-lateral faults within the central Zagros. In the eastern part of the range the trend of folds and faults is closer to east-west. These roughly east-west structures accommodate the overall convergence without requiring a continuation of the Main Recent Fault, which dies out at $51°E.
[9] A GPS survey in the central Zagros indicates an active convergence rate in a NNE-SSW direction of 10 mm yr À1 across the central part of the Simple Folded Zone at longitude 52°E [Tatar et al., 2002] . A similar amount of convergence ($10 mm yr À1 ) must be taken up elsewhere in Iran, as the overall Arabia-Eurasia convergence at this longitude is $20 mm yr À1 [Sella et al., 2002] . Tatar et al. [2002] found little evidence for active shortening within the High Zagros in this study, although their study had only three GPS stations in this region. This finding is consistent with the scarcity of seismic thrust events in the High Zagros [Talebian and Jackson, 2004] .
[10] Falcon [1974] estimated the total shortening in the Simple Folded Zone as $30 km, but this is based on the assumption that Phanerozoic strata are concentrically folded above mobile salt, without significant shortening by thrust faulting. More recent work highlights the presence of seismically active basement thrusts [e.g., Maggi et al., 2000] and recognizes thin-skinned thrusts within the deformed sediments [Colman-Sadd, 1978] . Right-lateral offset along the Zagros Main Recent Fault is about 50 km, based on a restoration of offset drainage and geological markers along the fault from roughly 36°N 46°E to 32°N 51°E [Talebian and Jackson, 2002] . This implies $50 km northeast-southwest shortening across the Zagros mountains to the southwest of the Main Recent Fault, and a total northsouth convergence of $70 km. A balanced and restored cross-section through the northwest Simple Folded Zone, between $32°N 48.5°E and $33°N 50°E suggests total northeast-southwest shortening is roughly 50 km [Blanc et al., 2003] , consistent with the estimate derived from the offset of the Main Recent Fault. McQuarrie [2004] produced balanced and restored cross-sections that include both the Simple Folded Zone and the High Zagros, and estimated 70 ± 20 km northeast-southwest shortening.
[11] Fold growth in the Simple Folded Zone of the Zagros was synchronous with deposition of Bakhtyari Formation conglomerates. These rocks are not well-dated, and were described as intra Pliocene by James and Wynd [1965] on the basis that there were no diagnostic fossils within the unit, but Pliocene fauna in the underlying Agha Jari Formation. These authors also stressed that the unit was likely to be diachronous. Initial fold development in many Dewey et al. [1989] by extending the continental margin to include Arabia, and allowing for $100 km relative motion between Arabia and Africa post 20 Ma. There has been roughly 300-500 km of Arabia-Eurasia convergence since initial collision at 20-30 Ma. This is comparable with the convergence recognized within the collision zone. areas appears to pre-date the Bakhtyari Formation, given the angular unconformity between the Bakhtyari Formation and underlying strata [e.g., O'B Perry and Setudehnia, 1966] . Deformation in the High Zagros may also have begun before the Pliocene, because upper Miocene -lower Pliocene terrestrial clastics within the Simple Folded Zone thicken toward to the northeast and were derived from the same direction [Elmore and Farrand, 1981] . Little is known about the finite shortening or age of deformation within the High Zagros.
[12] The 10 mm yr À1 rate of active NNE-SSW convergence in the central Zagros Simple Folded Zone [Tatar et al., 2002] would take $7 million years to achieve the $70 km of finite north-south convergence in the northwest Zagros Simple Folded Zone [Talebian and Jackson, 2002; Blanc et al., 2003 ], although we note that this comparison is between different slightly azimuths. There is an assumption in this extrapolation that it is valid to use GPS-derived slip rates in comparison with long-term deformation patterns. There is no a priori evidence for this, but it is a useful starting point for such a large region, and similar comparisons are made at the end of following sections for other areas of the collision.
Dead Sea Fault System
[13] The Dead Sea Fault System (Figure 1 ) is important because it is the Arabia-Africa plate boundary and so records the motion between these plates. It consists of left-lateral fault segments that connect the active oceanic spreading centers in the Red Sea to the compressional deformation zones in southeast Anatolia and the Zagros [Garfunkel, 1981] . It has a total length of $1000 km, and includes several pull-apart basins and push-up zones, formed in regions of overlap between left-stepping and right-stepping fault segments respectively. The most well known of the pull-aparts is the Dead Sea Basin [Manspeizer, 1985] .
[14] GPS data [McClusky et al., 2003] indicate $6 mm yr
À1
of relative Arabia/Africa motion in the northern Arabian platform. The local GPS survey of Pe'eri et al. [2002] gives a lower value for Dead Sea Fault slip: 2.6 ± 1.1 mm yr
. There is also a range in the estimates for Pliocene-Quaternary rates based on the offset of dated features. Offset late Pleistocene fans give a slip rate 4 ± 2 mm yr À1 for the sector between the Dead Sea and the Gulf of Aqaba [Klinger et al., 2000] . Ginat et al. [1998] estimated 3 -7.5 mm yr À1 from displaced Pliocene-Quaternary alluvial terraces in Wadi Aqaba, at the northern end of the Gulf of Aqaba. Niemi et al. [2001] estimated 4.7 ± 1.3 mm yr À1 since 15 Ka, from offset stream channels and fan surfaces south of the Dead Sea.
[15] The total offset of the Dead Sea Fault System, south of the Dead Sea, is $105 km [Quennell, 1958] . A dolerite dyke swarm dated at 22-18 Ma shows the full 105 km offset, and so constrains the maximum age of initial faulting [Eyal et al., 1981] . Quennell [1958] and Manspeizer [1985] suggested two phase movement, with $40 km of offset in the Pliocene-Quaternary, or entirely in the Quaternary, based on the Pliocene-Quaternary age of sediments in the Dead Sea, but this is equivocal [e.g., Sneh, 1996] .
[16] Summarizing these results, there is a wide range of estimates for the present left-lateral slip rate on the Dead Sea Fault System: $2-8 mm yr
À1 . There is too much spread in the data to compare short-term and long-term slip rates in detail. It would take $13 million years to achieve the full 105 km offset if long-term motion took place at the top end of the range of active slip rates.
Turkish-Iranian Plateau
[17] The Turkish-Iranian plateau is one of the two main plateaux in the Alpine-Himalayan collision system, the other being Tibet [Şengör and Kidd, 1979; Dewey et al., 1986] . It extends from eastern Anatolia to eastern Iran, and typically has elevations of $1.5-2 km, decreasing to about 500 m in eastern Iran. Roughly half of the present collision zone lies within the plateau, much of which is internally drained.
[18] The basement of the plateau consists of microcontinents accreted to each other and Eurasia by the Late Cretaceous or early Tertiary [Şengör, 1990] , interspersed with zones of ophiolites and mélanges. The microcontinents include the Sanandaj-Sirjan zone, parallel to and northeast of the later Zagros suture, and the Lut block in eastern Iran (Figure 1 ). The Mesozoic and Tertiary sedimentary cover of the Lut block is less deformed than surrounding areas. Volcanics of late Cretaceous -early Miocene age in the Sanandaj-Sirjan zone and central Iran represent Andeantype magmatism in southern Eurasia during Neo-Tethyan subduction [Berberian et al., 1982] . Volcanic and turbidite successions up to 5 km thick represent Eocene back-arc extension across central Iran, the Alborz, the Lesser Caucasus and eastern Black Sea regions, north of the NeoTethyan subduction zone, and prior to Arabia-Eurasia collision ]. This succession is commonly overlain in central Iran by terrestrial clastics, evaporites and volcanics of the Lower Red Formation, of Oligocene age [Stöcklin, 1971] . Marine deposition resumed across much of central Iran with the carbonates of the largely lower Miocene Qom Formation; similar lower Miocene marine strata were deposited across much of Anatolia and the Lesser Caucasus [Şengör et al., 1985; Toloczyki et al., 1994] . The Qom Formation pinched out in the north against the southern side of the Alborz and in the south along a line parallel to and $100 km northeast of the Zagros suture [Stöcklin, 1971] -indicating sub-aerial relief both north and south of the marine basin. The end of marine sedimentation may have been diachronous: the Qom Formation is overlain by middle Miocene terrestrial clastics of the Upper Red Formation, but the youngest marine strata in eastern Anatolia are late middle Miocene, $12 Ma [Dewey et al., 1986] .
[19] Seismicity [Jackson et al., 1995] ; (Figure 2 ) and GPS [McClusky et al., 2000] data show that there is little active crustal shortening over most of the plateau (Figures 1  and 2 ), although $4 mm yr À1 of shortening may take place across the Lesser Caucasus, at the northern side [Reilinger et al., 1997; McClusky et al., 2000] . There are prominent strike-slip faults, especially in eastern Anatolia and north-west Iran (Figure 2 ) [Talebian and Jackson, 2002] , but when these structures are considered in the overall velocity field they do not indicate eastward transport of the plateau out of the collision zone [Jackson et al., 1995] , in contrast to the well-documented westward transport between the North and East Anatolian faults. The Turkish-Iranian plateau is therefore important for understanding how strain has been accommodated over the long-term, but takes up little of the present Arabia-Eurasia convergence by shortening or lateral transport of crust eastward out of the convergent zone.
[20] There are few estimates for the total late Cenozoic shortening across the plateau. Pearce et al. [1990] suggested it could be as much as 200 km, based on estimates that the crust was $30 km thick before shortening and $50 km thick at present. Miocene strata are commonly folded and thrusted [e.g., National Iranian Oil Company, 1977b] . In many places these folded strata lie below undeformed volcanics mapped as upper Miocene to Quaternary in age, such as the extreme northwestern tip of Iran at 39.25°N 44.75°E, around Maku [Geological Survey of Iran, 1975] , and southeast of the city of Tabriz at 37.25°N 47°E [Geological Survey of Iran, 1978] . An intra-Pliocene regional unconformity within the Lesser Caucasus separates younger, flat-lying strata and alkali volcanics from folded middle and upper Miocene calc-alkali volcanics and associated sediments; strike-slip faults cut dykes, thrusts and folds as young as 7 Ma [Koçyigit et al., 2001] . There are also cases where post middle Miocene volcanics are recorded as folded or faulted (such as at $37.4°N 47.3°E [National Iranian Oil Company, 1977b] ), but there are fewer examples of this pattern.
[21] There are few well-constrained estimates of present crustal thickness, based on receiver function analysis. A study of the Lesser Caucasus in Armenia indicates the crust in that area is 64 ± 4.8 km thick [Sandvol et al., 1998 ]. Thicknesses are lower to the southwest, in eastern Anatolia, at 40-50 km [Zor et al., 2003 ], but still greater than normal for continental crust. There are also studies that estimate crustal thickness through other means, such as seismic refraction surveys and gravity modelling. Snyder and Barazangi [1986] found that the crust thickens from $40 km at the Persian Gulf to $65 km at the Zagros suture, while a recent review of the Middle East found that most of the Turkish-Iranian plateau is underlain by crust 45 -50 km thick [Seber et al., 2001] . Therefore the TurkishIranian plateau has thicker than average continental crust, consistent with the evidence for post late middle Miocene crustal shortening, but the exact amount of shortening and overall crustal thickness are not well-constrained.
[22] Surface uplift of the plateau has been suggested to be a regional event [Şengör and Kidd, 1979] , rather than a progressive process associated with a migrating deformation front. This is based on the apparent uniformity of timing and elevations attained by an erosion surface, proposed as late Miocene -early Pliocene in age [Şengör and Kidd, 1979] , but not well-dated.
[23] In summary, the Turkish-Iranian plateau was shortened, thickened and elevated since $12 Ma at the latest, during or prior to regional magmatism. This has produced crust locally up to $64 km thick [Sandvol et al., 1998 ], in a region where there are Miocene marine strata [Toloczyki et al., 1994] . There is little evidence for active regional shortening and crustal thickening in the seismicity or GPS data. It is not known precisely when crustal thickening ended, and whether there was a gradual or sudden switch to shortening in the active fold and thrust belts north and south of the plateau.
Eastern Iran
[24] The eastern limit of Arabia-Eurasia deformation occurs at roughly longitude 61°E, close to the political border between Iran and Afghanistan. Further east there is a sharp cut-off in seismicity, mountainous topography and active fault activity (Figures 1 and 2) .
[25] The 10 mm yr À1 convergence in the central Zagros [Tatar et al., 2002] is likely to be a minimum value for the eastern Zagros, given that the width of the range and the total Arabia-Eurasia convergence rate increase eastward. Therefore, using an Arabia-Eurasia convergence rate of 26 mm yr
À1
at longitude $60°E [Sella et al., 2002] , a maximum of $16 mm yr À1 remains to be accommodated between central Iran and stable Eurasia. This must result in a comparable amount of right-lateral shear on north-south strike-slip faults along the eastern margin of Iran ( Figure 5 ). North of latitude 34°N, this right-lateral shear is accommodated by east-west left-lateral faults that rotate clockwise about vertical axes (Figure 5a ) [e.g., Jackson and McKenzie, 1984] .
[26] The maximum of 16 mm yr À1 of right-lateral shear is divided between the Gowk-Nayband and Sistan Suture Zone fault systems that occur along the western and eastern margins of the Dasht-e-Lut respectively (Figure 5a ). These systems each contain several parallel fault strands. However, little is known of the slip-rates across these faults, and hence the present-day distribution of strain.
[27] Walker and Jackson [2002] used drainage systems and structural features displaced by the Gowk fault to estimate a total cumulative offset of $12 km. The Gowk fault is the only active strike-slip fault west of the Dasht-eLut at that latitude (Figure 5a) , and so the majority of rightlateral shear west of the Dasht-e-Lut is expected to be localized across it. Displacement of distinctive bed-rock lithologies by active faults in the Sistan Suture Zone indicate a minimum of $70 km of cumulative right-lateral slip east of the Dasht-e-Lut, based in part on initial observations by Freund [1970] , and Tirrul et al. [1983] (Figure 5b) .
[28] A minimum of $80 km of right-lateral shear between central Iran and Afghanistan is required by summing these estimates of cumulative fault slip. This would take $5 million years to achieve at the likely 16 mm yr À1 maximum rate of active right-lateral shear. More work is needed to constrain directly both the active slip rates and time of initial deformation.
East and North Anatolian Faults
[29] Westward transport of the Anatolian (Turkish) plate occurs by slip on the East and North Anatolian faults [McKenzie, 1972] . The quality of the data on the history and present slip rates of these faults provides important constraints on both the short-term and long-term deformation patterns in this part of the collision.
[30] The left-lateral East Anatolian Fault accommodates motion between the Arabian and Anatolian plates (Figure 1) . It trends for $400 km southwest of its intersection with the North Anatolian Fault at Karliova, at approximately 39.5°N 41°E. There are several strands to the fault zone, with localized pull-apart basins and push-up zones [Lyberis et al., 1992; Westaway, 1994] .
[31] Historical slip rates based on seismic moments of earthquakes along the East Anatolian Fault are 6 -10 mm yr À1 [Taymaz et al., 1991] . The GPS-derived slip rate is 9 ± 1 mm yr À1 [McClusky et al., 2000] . There is considerable variation in published estimates of the overall offset. The higher end of the range is 27-33 km [Westaway and Arger, 1996] , constrained by offset geological markers, and by the length of the Golbasi strike-slip basin ($33 km). Other values in the order of 15-22 km [Hempton, 1985; Dewey et al., 1986] may underestimate the total because they are based on offset drainage or geological features on individual fault segments [Westaway and Arger, 1996] .
[32] Initial movement on the East Anatolian Fault is late Pliocene ($3 Ma) or younger [Şaroglu et al., 1992; Westaway and Arger, 2001] , based on the offset of volcanics of this age. This refines earlier estimates that the fault began at $5 Ma, based on the estimated Pliocene age of sediments in related basins [Şengör et al., 1985] and the assumption that the East and North Anatolian Faults began their motion at the same time [Dewey et al., 1986] . Several other, perhaps inactive, left-lateral faults have been identified in eastern Turkey, with slip on the order of tens of kilometers. These include the Malatya-Ovacik Fault [Westaway and Arger, 2001] , with $29 km offset between 5 and 3 Ma, and the Ecemiş Fault [Jaffey and Robertson, 2001] , with $60 km offset since the late Eocene, but mainly pre-Pliocene.
[33] The estimates for the slip rate, finite offset and timing of the East Anatolian Fault are in good agreement: 9 ± 1 mm yr À1 for 3 million years suggests 24-30 km of finite offset, compared with the 27-33 km of offset estimated from the geology.
[34] The right-lateral North Anatolian Fault accommodates slip between the Eurasian and Anatolian plates over a length of >1200 km (Figures 1 and 2 ). Its eastern limit lies at the Karliova triple junction. The fault splits into several strands where it enters the north Aegean. The GPS-derived slip rate for the North Anatolian Fault is 24 ± 1 mm yr
[35] Displacement in the western part of the North Anatolian Fault (Saros Gulf) has been constrained by offset folds as $85 km since $5 Ma [Armijo et al., 1999] (however, see Yaltrak et al. [2000] ). This is similar to the drainage offsets restored by 80-100 km between 30°and 38°E by Westaway [1994] and the 85 ± 5 km offset of a Tethyan suture reported at 38°E by Seymen [1975] . Other, shorter offsets are summarized by Barka [1992] , and longer estimates by Bozkurt [2001] , but $80-85 km is emerging as a consensus figure for most of the length of the fault zone [Barka et al., 2000; Bozkurt, 2001 ].
[36] There is evidence for distributed strike-slip and/or extension within regions now cut through by the North Anatolian Fault [e.g., Tüysüz et al., 1998; Coskun, 2000] . Barka and Hancock [1984] suggested that a broad rightlateral shear zone operated toward the end of the Tortonian ($7 Ma), replaced by activity along the present main strand of the North Anatolian Fault in the early Pliocene. Bozkurt [2001] also concluded that faulting began at $5 Ma, based on a review of studies of individual sections of the fault zone. One place where there is a precise age for the onset of deformation is the Adapazar pull-apart basin, along the west of the fault zone at $40.7°N 30.5°E: rodent fossils date the onset of sedimentation in this fault-related basin as latest Pliocene [Ü nay et al., 2001] .
[37] In summary, a long-term extrapolation of the GPSderived slip rate along the North Anatolian Fault (24 ± 1 mm yr À1 ) would achieve the finite offset of 80 -85 km in $3.5 million years [McClusky et al., 2000] , less than the $5 million years estimated for activity along the modern fault trace.
Alborz
[38] The Alborz range in northern Iran is roughly 600 km long and 100 km across, running along the southern side of the Caspian Sea (Figure 1) . Active, range-parallel, leftlateral strike-slip faults trend ENE in the east of the Alborz, WNW in the west, as far west as 49°E [Berberian, 1997; Jackson et al., 2002; Allen et al., 2003a] . Roughly northsouth shortening takes place via thrusts which dip inward from both sides of the range (Figure 4 ). Sedimentary and volcanic rocks of ages from late Precambrian to Quaternary are involved in the deformation. Igneous intrusions are rare, but there both early and late Tertiary granitoids [Axen et al., 2001] . Unequivocal Precambrian basement is not exposed. The active thrusting contrasts with the relative lack of activity in central Iran to the south, and shows that Arabia-Eurasia convergence takes place north as well as south of the Turkish-Iranian plateau. The range has summits over 4000 m, but crustal thicknesses are reportedly surprisingly low for such mountainous terrain, at $35 km [Tatar, 2001] .
[39] At present there are no published GPS-based estimates for the shortening rate or strike-slip rate within the Alborz. If the overall Arabia-Eurasia convergence at the longitude of the Alborz is $20 mm yr À1 [Sella et al., 2002] and $10 mm yr À1 of this is accommodated in the Zagros [Tatar et al., 2002] , the convergence across the combined Alborz and South Caspian Basin should be roughly $10 mm yr À1 -discounting any small component from central Iran. This is substantially less than the 15 -20 mm yr À1 assumed by Jackson et al. [2002] based on earlier NUVEL 1A plate circuit values [DeMets et al., 1990 [DeMets et al., , 1994 , which are now known to be too high [Sella et al., 2002] . Jackson et al. [2002] described how the motion between the South Caspian and Iran and between the South Caspian and Eurasia takes place along azimuths of roughly 210°and somewhat north of 300°, respectively. Using these azimuths, but a value for the overall Iran-Eurasia convergence of $10 mm yr
À1
, the resultant velocity triangle shows roughly 9 mm yr À1 convergence across the Alborz and 5 mm yr À1 between the Caspian and Eurasia.
[40] Total north-south shortening across the Alborz is $30 km (25 -30%) at the longitude of Tehran, roughly 51.5°E, based on a structural cross-section [Allen et al., 2003a] . This is a minimum estimate. Restoration of a truncated anticline shows that the eastern Mosha Fault has a left-lateral offset of $30 -35 km at 35.75°N 52°E [Geological Survey of Iran, 1987; Allen et al., 2003a] .
[41] Axen et al. [2001] documented $5 -7 km of exhumation in the north central Alborz since $7 Ma, presumably caused by the onset or acceleration of compressional deformation in the range. The range-parallel left-lateral strike-slip faulting may have begun at this time. There are no indications of active range-parallel right-lateral faulting, but this occurred before 7 Ma. Pliocene-Quaternary strata on either side of the Alborz and within intermontane basins are nonmarine clastics, and the successions generally coarsen up-section [Stöcklin, 1971] . However, coarse continental clastics of presumed Oligo-Miocene age ($25 Ma) were deposited in intermontane basins in the western Alborz [Annells et al., 1975] , indicating at least some mid Tertiary sub-aerial relief.
[42] If the present likely Alborz shortening rate of $9 mm yr À1 was maintained it would account for all of the estimated finite shortening within 3-4 million years. This is a shorter time than since the late Miocene (7 Ma) age for the onset of rapid exhumation [Axen et al., 2001] and much less than the Oligo-Miocene age of initial Cenozoic sub-aerial relief in the range.
Talesh
[43] The Talesh (Talysh) is an arcuate fold and thrust belt in northwest Iran and Azerbaijan (Figure 6 ), which deforms Paleogene volcanics and deep marine clastics and a Neogene succession that broadly shallows upward [Allen et al., 2003b] . Summits reach $2000 m at the Iran-Azerbaijan border, but the foreland of the range is below sea level at the margin of the Caspian Sea. Seismogenic thrusts at the eastern side of the range trend north-south, dip very gently west, and have hypocenters in the depth range of 15-27 km , showing that the basement to the Talesh presently overthrusts the South Caspian Basin to the east (Figures 2 and 6) .
[44] There are no published geodetic results for the active convergence rate across the Talesh. Total shortening across the northeast of the Talesh is estimated at $30 km, based on a restoration of folds and thrusts . This is a similar value to the estimate for the Alborz to the southeast. There is no conclusive evidence for the time of initial compressional deformation, but strata from around the middle-late Miocene boundary ($10 Ma) display evidence for gravity flow processes [Vincent et al., 2002] , which indicates significant relief at this time. PlioceneQuaternary strata are folded at the northern margin of the range, indicating young deformation [Geological Survey of Iran, 1994] .
[45] Unfortunately, there are not enough data for the Talesh to compare short and long term deformation rates. Its structure shows that there is active shortening north of the Turkish-Iranian plateau, and that deformation in this part of the collision zone is very three-dimensional.
Kopet Dagh
[46] The Kopet Dagh trends at 120°-300°for 700 km through northeast Iran and Turkmenistan between the Caspian Sea and the Afghanistan border (Figure 1) . It separates the Turan region from central Iran, and so shows how plate convergence happens at the northern side of the collision zone. The range is up to 3000 m in altitude, some 2000 m higher than the Turkmen foreland to the north. Jurassic- Figure 6 . Structure of the Greater Caucasus, Talesh, western South Caspian Basin and the northeast side of the Lesser Caucasus. Compiled from several sources, principally Nalivkin [1983] and Yakubov and Alizade [1971] .
Miocene marine carbonates and clastics were deposited across a region now deformed into a series of folds and thrusts. The range is much broader in the west than the east, which may mean it rotates clockwise about its eastern limit. The right-lateral Ashgabat Fault lies at the northern margin of the range [Trifonov, 1978] . This fault also has a component of thrust motion to the north [Priestley et al., 1994] .
[47] There are no published GPS results for the Kopet Dagh. If the north-south convergence rate in the eastern Zagros is at least the same as the central part ($10 mm yr À1 ), as argued above, it implies that the Kopet Dagh convergence may be $16 mm yr À1 at maximum, if the Sella et al. [2002] estimate of the overall Arabia-Eurasia convergence at this latitude is correct.
[48] North-south shortening across the west of the range may be $75 km, based on a line balanced section by Lyberis and Manby [1999] . This represents $30% shortening of the 250 km wide western Kopet Dagh region. Further east, this is resolved into compression orthogonal to the Ashgabat Fault and right-lateral slip along it. Lyberis and Manby [1999] suggested that this shortening is principally Pliocene-Quaternary in age, based on the deposition of 4.5 km of Pliocene-Quaternary terrestrial clastics over an Oligocene-late Miocene marine succession. Uplift was apparently diachronous from east to west, based on Pliocene strata being marine in the west but non-marine in the east [Lyberis and Manby, 1999] . However, Stöcklin [1971] noted Neogene red bed clastics in the Iranian Kopet Dagh, which may imply that deformation, sub-aerial relief and terrestrial sedimentation all began before the Pliocene.
[49] If the likely maximum convergence rate of $16 mm yr À1 is representative of long-term deformation rates, it would take $5 million years to achieve the $75 km of total crustal shortening estimated for the range.
South Caspian Basin
[50] The basement to the South Caspian Basin has the geophysical properties of unusually thick oceanic crust or thinned, high-velocity continental crust [Neprochnov, 1968; Mangino and Priestley, 1998 ]. This basement is not exposed, being covered by a $20 km thickness of sedimentary rocks (Figure 4) , about half of which is of PlioceneQuaternary age [Ali-Zade et al., 1985] . Little is known of the pre-Oligocene stratigraphy, but the Oligocene-lower Pliocene succession shallows upward, culminating in the thick (up to 6 km) Productive Series, which was deposited in fluvial, lacustrine and deltaic settings [Devlin et al., 1999] . The age and original tectonic setting of the basement are not certain ], but it is likely that the South Caspian originated as a back-arc basin at some time in the Jurassic-Paleogene interval.
[51] The interior of the South Caspian Basin is relatively aseismic, compared with the mountain ranges around it [Priestley et al., 1994; Jackson et al., 2002] . Earthquakes at depths of $80 km along its northern side (Figure 2 ) suggest northward underthrusting/subduction beneath the middle Caspian region. This cannot have been happening for a geologically long time, as the northern margins of the Greater Caucasus and Kopet Dagh are approximately colinear with the Apsheron Sill. This is a kinematically unstable configuration, given the opposite polarity of deformation within the onshore and offshore regions, and cannot persist for long . Backstripping the stratigraphy of the northwest of the basin indicates $2.4 km of tectonic subsidence in the Pliocene and Quaternary , interpreted as the result of this young subduction.
[52] Anticlines in the South Caspian Basin have a variety of orientations (Figure 6) . A linear zone of folds at the north side of the basin form the Apsheron Sill, and presumably relate to deeper underthrusting of South Caspian basement beneath the middle Caspian. North-south folds at the western side of the basin relate to basement underthrusting to the west, beneath the Talesh. There may not be direct fault links between basement and cover. The anticlines are buckle structures, which are detached from the basement along mud-prone horizons within the thick sedimentary basin fill [Devlin et al., 1999] . The overall strain is unlikely to be high, given the lack of evidence for major imbrication or crustal thickening. Line-balancing across each fold shows only a few percent shortening [Devlin et al., 1999] , and we extrapolate this across the basin to give a very approximate estimate of $5% visible north-south shortening in the supra-detachment cover, equivalent to $15 km shortening overall.
[53] Stratal pinchouts onto offshore folds are visible in late Pliocene and younger strata, indicating that folding began at $3.4 Ma [Devlin et al., 1999] . Deformation in adjacent onshore folds may have begun $2 million years earlier [Aliev, 1960] , given pinchouts onto folds in latest Miocene-early Pliocene strata.
[54] In summary, synchronous deposition and deformation of the South Caspian sedimentary cover of the South Caspian Basin in the last 3 -5 million years is consistent with incipient subduction of its rigid basement northward under the middle Caspian region. The South Caspian region is unlikely to accommodate a major part of the ArabiaEurasia convergence. If the South Caspian-Eurasia motion is $5 mm yr À1 , as described above in the section on the Alborz, it could achieve the 15 km of shortening estimated in the basin fill in 3 million years.
Greater Caucasus
[55] The Greater Caucasus range lies northeast of the Black Sea and northwest of the South Caspian Basin (Figure 6 ). It lies along trend from the Kopet Dagh, and also represents the zone of active deformation at the northern side of the Arabia-Eurasia collision.
[56] The present structure of the Greater Caucasus indicates major late Cenozoic shortening and inversion of a Mesozoic -lower Tertiary basin. The Moho under the range is at depths of up to 60 km [Ruppel and McNutt, 1990] . Palaeozoic basement is exposed in dominantly southwarddirected thrust slices west of $44°E. Mesozoic strata are present in tight or isoclinal folds across the range all around the exposed Palaeozoic core [Rogozhin and Sholpo, 1988; Allen et al., 2003b] . These folds are commonly associated with thrusts. The vergence of these structures is predominantly toward the south. However, there are north-directed structures on the northern margin, especially in the northeast (Dagestan). Pliocene-Quaternary strata are folded into elongate, linear, south-vergent anticlines on the southern side of the range, between the extant Kura and Rioni basins. Fault plane solutions show a predominance of thrusts that dip toward the range interior [Philip et al., 1989; Triep et al., 1995; Jackson et al., 2002] . Late Cenozoic magmatism in the range is Pliocene and Quaternary in age [Gazis et al., 1995] .
[57] GPS studies across both the Greater and Lesser Caucasus provide a minimum north-south shortening rate of 10 ± 2 mm yr À1 [Reilinger et al., 1997] , of which $60% is estimated to occur across the Greater Caucasus [McClusky et al., 2000] . These studies estimate overall shortening rates, but not where it occurs within the range. Larger magnitude earthquakes are concentrated at the margins of the range, with epicenters predominantly in regions at altitudes of 1000 m or less (Figures 2 and 6 [Jackson, 1992] ). There is less seismicity in the west of the range, where the crystalline basement is exposed.
[58] Estimates of overall shortening across the Greater Caucasus vary greatly, and we are not aware of published balanced and restored cross-sections. Dotduyev [1986] suggested $200 km across a 100 km long traverse through the central Caucasus, which represents $66% shortening. This seems high, given the preservation of unmetamorphosed Mesozoic-Cenozoic strata across much of the range, but is consistent with the range of 200 -300 km deduced by Ershov et al. [2003] on the basis of simple area balancing restoration of the whole crust in a transect at $44°E. Sobornov [1994] calculated 30-50 km ($25-40%) shortening across the Dagestan thrust belt in the northeastern Greater Caucasus, based on restoration of thrust sheets in the Mesozoic-Cenozoic strata. If these Dagestan values are representative for the entire range, they imply roughly 130 km of shortening where the range is presently 200 km across.
[59] Stratigraphic evidence (e.g., olistostrome deposits) is interpreted to mean compressional deformation within the Greater Caucasus during the late Eocene [Banks et al., 1997] , and so may pre-date the initial continental collision. Oligo-Miocene strata on the central northern side of the range thicken southward, unlike underlying units : this may represent initial foreland basin development, and hence thrusting within the range. In the northeastern Greater Caucasus (Dagestan), there was a switch in paleocurrent direction from southwest-to northeast-directed in the late middle Miocene [Sobornov, 1994] . Upper Miocene shallow marine strata in the eastern Greater Caucasus (Azerbaijan) are folded and exposed [Azizbekov, 1972] . Provenance data for the uppermost Miocene-Pliocene succession in the northwest of the South Caspian Basin show an increase in the proportion of sand derived from the Greater Caucasus within this interval [Morton et al., 2003] . Summarizing these data, there is evidence for mid-Tertiary uplift, foreland basin development and presumably deformation of the Greater Caucasus; the area involved has apparently increased over time.
[60] The Greater Caucasus is an area of the collision where the present shortening rate cannot account for all the observed strain in a few million years: the present shortening rate ($6 mm yr À1 ) needs to be extrapolated for $22 million years to account for the lower estimate for the finite shortening ($130 km). Thirty to 50 million years would be needed to account for the shortening estimates of 200-300 km at this rate.
Discussion
[61] Extrapolating present-day deformation rates for 3-7 million years produces displacements that equal or exceed the total deformation on many of fault systems currently active in the Arabia-Eurasia collision zone, including the Zagros Simple Folded Zone, the North and East Anatolian faults, the South Caspian Basin and the Alborz and Kopet Dagh ranges (Table 1) . This age range is much shorter than the overall age of the collision, which began in the early Miocene (16 -23 Ma) or earlier [Hempton, 1987; Ylmaz, 1993; Robertson, 2000] . It seems that the collision zone has not absorbed the overall plate convergence in the same way throughout its history, unless for some unknown reason slip rates on the active fault systems are consistently higher than long-term averages.
[62] There may have been a regional reorganization of the collision at $5 ± 2 Ma, as suggested by several authors [e.g., Wells, 1969; Quennell, 1984; Westaway, 1994; Axen et al., 2001] . This is the time when deformation started or intensified in many of the currently active regions, such as the East and North Anatolian faults, the South Caspian Basin and possibly the Kopet Dagh [Barka et al., 2000; Westaway and Arger, 2001; Devlin et al., 1999; Lyberis and Manby, 1999] . This is also the timeframe of rapid exhumation in the Alborz [Axen et al., 2001] , and initial deposition of the Bakhtyari Formation within the deforming Zagros Simple Folded Zone [James and Wynd, 1965] . Suggestions for the cause of this reorganization include the opening of the Red Sea [Wells, 1969] , the arrival of buoyant Arabian lithosphere ''choking'' the Neo-Tethyan subduction zone [Axen et al., 2001] , the final closure of oceanic basins within Iran and the elevation of the Turkish-Iranian plateau .
[63] Oceanic spreading in the Red Sea would only cause reorganization of the Arabia-Eurasia collision if convergence rates increased, but there is no strong evidence for this in the history of the Dead Sea Fault System or the Red Sea [Sneh, 1996; McQuarrie et al., 2003] . Nor is it obvious why an increase in convergence should require a reorganization of deformation within the collision zone, rather than an increase in strain rates on existing fault systems. It is not proven that there was a change in the nature of the Arabian lithosphere entering the collision zone at the end of the Miocene; more work is needed on the High Zagros to examine this idea. In any case, late Miocene terrestrial clastics within the Simple Folded Zone were derived from the northeast [Elmore and Farrand, 1981] , suggesting that the Arabian plate was solidly docked to Eurasia before the Pliocene. If there were oceanic basins within Iran as recently as the middle-late Miocene, they have yet to be identified.
[64] Seismogenic thrusts ( Figure 2 ) and GPS data show that active shortening is concentrated both north and south of the Turkish-Iranian plateau. The Turkish-Iranian plateau has little evidence for internal shortening at present, but must have undergone shortening, thickening and surface uplift since 12 Ma, which is the age of the youngest recorded marine sediments within it [Dewey et al., 1986] . Parts of the Sanandaj-Sirjan zone and the Alborz were subaerially exposed before 12 Ma, given the pinch out of the lower Miocene Qom Formation against the margins of these regions [Stöcklin, 1971] . The Greater Caucasus, which was uplifted and presumably deforming in the mid-Tertiary or earlier [Mikhailov et al., 1999] , is presently shortening at $6 mm yr À1 [McClusky et al., 2000] . The range has poorlyconstrained finite shortening (but $130 km is the lower range of estimates), and thick crust (up to $60 km [Ruppel and McNutt, 1990] ). Earthquakes are concentrated at lower elevations, below 1000 m, and away from the crystalline basement. This suggests that shortening is focused at the range margins, and not higher, more exhumed, regions, and may mean that shortening in the Greater Caucasus migrates into its forelands once thick crust has been achieved. It is not clear whether this change has occurred gradually since the mid-Tertiary, or by abrupt reorganization(s). The Pliocene is a candidate time for a reorganization, given the onset of magmatism within the range [Gazis et al., 1995] and the increased contribution of sand from the Greater Caucasus deposited in the adjacent South Caspian Basin [Morton et al., 2003] . Therefore the Greater Caucasus is similar to the Turkish-Iranian plateau in several ways: seismicity, and presumably shortening, is focused on lower altitude areas at its margins, present convergence rates across the range Figure 7 . Pattern of deformation across the Arabia-Eurasia collision, highlighting areas where crustal thickening occurred since 12 Ma but not significantly at present (Turkish-Iranian plateau and interior of the Greater Caucasus), and mainly since $7 Ma (Zagros Simple Folded Zone, Alborz, South Caspian Basin, Kopet Dagh, and Greater Caucasus foothills).
are inadequate to account for total shortening and crustal thickening since the late Miocene, structural and stratigraphic evidence point to pre-late Miocene shortening and surface uplift.
[65] We suggest that once thick crust built up in the Turkish-Iranian plateau and the interior of the Greater Caucasus, convergence took place more easily by crustal shortening in less elevated regions with initially thinner crust, such as the Zagros Simple Folded Zone, South Caspian region, Kopet Dagh and the foothills of the Greater Caucasus (Figure 7 ). There are similarities with the late Cenozoic behavior of the Tibetan plateau [England and Houseman, 1988; Molnar et al., 1993] ; it is easier to absorb continental shortening in regions of thin crust and low elevations, than areas that have undergone shortening and surface uplift and consequently have increased buoyancy forces that resist further shortening. Like the Puna-Altiplano plateau of the Andes [Sobel et al., 2003] , internal drainage and ponding of sediment within the basins of the TurkishIranian plateau act to increase the gravitational potential energy of the region [Willett and Beaumont, 1994] . Westward transport of Turkey between the North and East Anatolian faults has also accommodated part of the plate convergence since $3 -5 Ma. Inactive strike-slip faults in Anatolia may have performed this role before activity began on the present structures [Westaway and Arger, 2001] .
[66] Delamination of part of the mantle lithosphere has been suggested as the cause of the magmatism and a contributor to the Turkish-Iranian plateau's present elevation [Pearce et al., 1990] . In support of this idea, the plateau has a seismic shear wave low velocity zone and a long wavelength gravity high (50 mgals at a wavelength of $800 km) [Hearn and Ni, 1994; Maggi et al., 2002] , both of which indicate an increase in mantle temperature beneath at least part of the plateau. However, magmatism dates back to at least 11 Ma [Keskin et al., 1998 ], and pre-dates at least some shortening [National Iranian Oil Company, 1977b] , making it unlikely that there was a sudden and regional delamination event.
[67] In some of the actively deforming areas there is a good match between the finite deformation, and the value reached by extrapolating the active slip rate by the time over which deformation is known to have occurred. Specific examples are the East Anatolian Fault, the Kopet Dagh and the South Caspian Basin (Table 1) . Other areas are inconclusive, because either the timing of deformation or the total slip is not known in enough detail. The Alborz, Zagros and eastern Iran are in this category.
[68] The short-and long-term slip rates on the North Anatolian Fault have previously been suggested to match [McClusky et al., 2000; Bozkurt, 2001] , although the GPSderived rate for active slip (24 ± 1 mm yr À1 ) extrapolates to 120 ± 5 km over 5 million years, which is greater than the consensus value for the finite slip of 80-85 km [Barka et al., 2000] . More work is needed to see if this mismatch is because the active slip rate is indeed faster than the longterm average value, or because there are errors in the estimates for the finite slip, timing of fault initiation, or both. It is notable that a late Pliocene age for fault initiation [Ü nay et al., 2001] would produce a closer match between short-term and average long-term behavior (24 mm yr À1 over $3 million years equals $72 km).
[69] In summary, available data suggest that the present deformation rates on major active fault systems would account for the finite strain in these areas in $3 -7 million years, i.e., no further back than the late Miocene. Either the modern slip rates are significantly faster than the long-term average rates -for which there is no evidence, or pre-late Miocene strain in the collision took place in other areas or in other ways. The most likely areas are the Turkish-Iranian plateau and, possibly, the interior of the Greater Caucasus, where there is little sign of active shortening in regions of elevated and thickened crust, but evidence for shortening and uplift before the late Miocene. The timing, style and duration of the changeover to the actively shortening areas need further study. 
